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Effect of Temperature on the Volume of Leai'her and

Collagen in Water
By Charles E. Weir

The ¢onfficients of cubiesl axpansion of 10 tannages of leather and tendoo eollagen have
been mepsured by using water as the confining liguid. The reaults, calevlated for dry
leather of density LGB0 giml, show that &n sverage coefficient of 5405 10~4*C applies for
collagen 6nd all lesthers except chrome-vegetable leather, the eoeffielent of thiz tannage
being 3403 10-%7C:,  Theds averagee have a reprodueibility indicated by stendard daviations
of 13 10-%*C and 37 10-%*C, respectively. The "shrinkage"™ or transition temperstura
#: B band rather than a gharp point on the temperaturs seale. During apparent shrinkage,
an increase in res! volume of approximately 1 percent oceurs.  This increase in volume is
irreversible, but the thermal exparsion below the transition range i nearly completely
revaraibla. The rate of expansion during transition of eoliagen follows the lew of & first-
order resotion. The results ave interproted sa fodicating that the shrinkage does not aceur
a4 & charsoteristio tempersture but is & rate protess. The transition may be pictured as &
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ahsnge of *tate possibly coupled with a reaciion,

I. Introduction

Although the art of leather manufactute pre-
dates historical records, the physical and physico-
chemical constants, as well ag the details of the
chemistry of leather and its parcnt substance,
collagen, are largely unknown. FPublished data
for the ordinary physical constants of leather and
eollagen sre practically nonexistent. This lack of
dutn may be attributed directly to the extreme
chemieal and physical complexity of the system
of tanned collagen fibers known as leather. Al-
though it is aceepted that leather is possibly not a
pure substance and is subject to varmtions due te
differences in the.hide itzelf and introduced by
nonuniformity of the tanning processes, it is &
matter of practical and theoretical interest to
determing either the physical constants or their
order of magnituda.

The present experiments were designed pri-
marily te rneasure the coefficient of cuhical expan-
gion of leather with full cognizance that informa-
tiots of & hew nature would ba obtained in the
region of the ehrinkage temperature. Using glass
dilatometers with water as the confining liquid, it
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was found that the average coefficient of cubical
expansion calceleted for dry material is 5140
10-*/*C! for collagen and all tannages with the ex-
ception of chrome-vegetable retan leather, which
exhibited & smaller coefficient. Thiz expansion ia
reversible below the shrinkage or transition tem-
perature.  If the leather-water system s heated
in the neighborhood of the transition temperaturs,
an irreversible expansion analogous in some re-
spects to & fusion takes place. During this ex-
pansion in real volume, the apparent dimensions of
the leather decrease, and the tempersture at which
this process oceurs hae heretofore been called the
shrinkage temperature. - The expansion in real
volule oceurs over a range of tempémturea rather
than at & sharp point on the temperature scala,
and it appears that shrinkage is probably a rate
process. The rate of expansion of collagen was
found fo follow the law of a firstorder reaction.
At temperatures exceeding the shrinkage tempera-
ture, the materizl formed during transition
axhibite reversible expansion, the coefficient of
which is essentinlly of the same order of magnitude
a8 that of the origial leather.
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II. Apparatus

The dilatometer naed is shown in figure 1. Two
such dilatometers of the same dimensions were
constructed with Pyrex ground glass joints to
facilitate cleaning and ioeerting sammples. The
stopeock attached to the side arm was uged for
filling and to permit removal of liquid during the
coutse of the measuremnent, so that the complete
temperature range 25° tg 75° (' could be coverad
without using excessively long capillaries, The
calibrated capillaries were capped with small
ground tips containing a minute hole to permit
expanzion of the liquid but to retard evaporation
of water from the capillary.

The two dilatometers were mounted side by
side on a framework, to which was affixed a sheet
of graph paper ruled in millimeters. The frame-
work conteining the dilatometers was placed
oppoeite a triple-pane insulating window in a
temperaturs-controlled sirbath that maintained a
temperature in the range 26° to 75° O to within
=+ 0.001 deg C, as shown by preliminary tests with
# Beckman thermometer. Experimental tem-
peratures were measured with the desired accuracy
by menane of a thermometer praduated to 0.2 deg C,
which was hung between the dilatometers so that
it could be'read through the window.

Dilatowmneler.

Fisure I,

I0. Experimental Procedure

1. Preparation of Specimens

Lesther used in these experiments was in the
form of strips 1 by 3 m.  The stripa wera degreased
with chloroform in a Soxhlet axtractor for 24 he
washed in running water for 48 hr and then con-
ditioned at 70°+1° F and 5012 percent relative
humidity for at least 7 days. Prior to uee, the
strips were weighed and immersed in distilled
water in a suitable vacuum flask. The system
was connected to a water pump and evacuated at
approximately 30 mm of He for at least 48 hr.
Sufficient leather was preparad to permit a moisture
determination on conditioned strips oot used for
test.

2. Method of Measurament

The two clean, dry dilatometers wera weighed.
One dilatometer, hereafter referred to ag the blank,
was filled with freshly boiled distilled water by
using the side arm and stopeock. Trapped and
dissolved air was removed by atiaching the
dilatcrueter to & waber pump by means of the
capillary and pumping at 2 pressura of approxi-
mately 30 tnm of Hg for several minutes, the stop-
cock being closed during this process. The water
remaining in the side artn was removed by use of
aleohol and ether, and thiy dilatometer was Te-
weighed to ohtain the weight of water in the blank.

The second dilatometer wae packed with
weighed strips of leatherthat were prepared ae
deacribed, then filled with water in a similar
mamect and reweighed. From these measure-
menta, the following necessary data were obtained:
(1) the weight of water in the blank, {2) the weight
of dry leather in the experimental dilatometer,
{3) the weight of watcr in the axperimental
dilatometer (this figure includes the weight of the
water in the leather obtained from a moisture
determination on the conditioned etrips).

The dilatometer asgembly was placed in the air
hkath, which was adjusted {0 the lowest termpers-
ture at which both water levels in the capillary
tubes were in the range of calibration of the capil-
Inriez and after attainment of equilibtium, the
readings of the heights of the levels and the
tamperature wore recarded,

The temperature of the air bath was then raised
approximately 2 deg O and after*attainment of
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eqquilibrivin (pproxitnately 3 hr), the temperature
and heights of the levels were again recorded.
This procedure was repeated until the levels
approached the top of the capillaries. At this
point, after recording the readings, the stopcocks
on the dilatometers were opened, and water was
" drained from the systems until the levels were
again at the bottom of the capillaries, Since this
procedure necessitated opening the air bath, it was
nesessary 10 permit temperature equilibrium to be
reestablished before recording the height of the
water levels, From & knowledge of the capiliary
calibration curves, and the recorded heights of the
levels, the volumes of water removed were caleu-
lated. A knowledge of the density of waler at the
temperature of draining permitted caloulation of
the weight of water removed and consequently a
correclion of the weights of water in the dila-
tometers, -

3. Calculation of Coefficients of Expangion

From a knowledge of the eapillary ealibration
curves, all readings of heights of water levels wera
converted into increments of volume based on the
initial height of the water level. The volume in-
erement of the waier in {he dilatometer containing
leather was caleulated from the volume increment
obeerved in the biznk and the ratio of the wieghts
of water in the two chambers. Bubtraction of the
calculated volume increment of the water for the
dilatometer containing leather from the volume
increment observed in this containet, yiclded the
volume increment of the leather. The volume in-
crements were plotted as ordinates with the corre-
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sponding tempetatures as abacissas, and the slope of
the fina through the points was calowlated by the
method of lenst aquares. The slope of the lina, so
obtained, was divided by the volume of the leather
at the initial temperatura to give the coefficient of
cubical axpansion of the leather.

IV. Resulis and Discussion
1. Coefficients of Cuhical Expansion

The resulta of the individual measurements of
the coeflicienta of expansion are given in table 1,

and the chemical analyses of the leathers are given
in tabla 2.
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It is to be noted that the coefficients of expan-
sicn agrep fairdly well, with the exception of the
coefficients obtained for chrome-vegetable leathers,
which are lowar. Statistical analysis of the datn
obtained from duplicate messurements on four
different specimens shown at the top of table 1
yielded the following results:

8, The standard deviation of & single measure-
ment of volvme incrament is 0.0065 ml, as cati-
mated from the least-squares culoulations,

b. The weighted average expaosivity of leathera
on which duplicete megsurements were made, ex-
clusive of chrome-vegetable leathers, is 540
10-%*(. The stendard deviation corresponding
to this value is 133x10°%°C.

¢. The weighted average expansivity of chrome-
vegetable leather is 340 X 107%°C, The standard
deviation corresponding to this walue is 373
10-4°C.

d. The variations of expansivity shown by
similar specimens of the same tannage are larger
than those anticipated by the experimental crrove,
Therefore, it iz prohable that different specimens
of the same leather have somewhat different ex-
pansivities.

e, The walues obiained for chrome-vegetahle
leather are significantly lower than the average
value for the other apecimens. The over-all
average ooefficient of expansion of the samples,
including collagen but excluding chrome-vogetable
leather, is 540 10-%°C. The weighted average
coeflicient of chrome-vegetable leather is 340K
10-4/°C.

f. Bince there iz, in general, no more variation
betwesn different leathers than that found between
duplicate specimons, there i3 no bpecessity for
assuming that the expansivity vartes appreciably
with the tannage, except for chrome-vegetabie
leather, - .

Chemmical analyses given in table 2 were made in
socordance with methods deseribed in Federal
Specifieations for Leather atid Leather Produets,
KE-1-211, dated March 28, 1945. The snalyses
were made, in part, on specimens that had been
degreasad and washed in accordapce with the
method described for preparation of specimens for
expansivity measurements. Such analyses are de-
noted by fostnote 1. Analyses made on samples
of leather before any treatment are denoled by

footnote 2. All results, except those for moisture
and acidity, are calculated on a dry basis.

The volume expansivities given in table 1 are
calenlated with the assumption that the density of
dry leather, irrespective of tanoage, is 1.560 gfml
at 70° F, This assumption was made necessary by
the lack of data on the density of dry leather. The
density fgure of 1,580 gfml was obbained from the
data given by Kanagy and Wallace [1).) Their
figures were calculated to a dry basis and averaged,
AsspIning an averape moisture conteni of 14.60
percent. The figures for the weight expansivities
are included in the table, since these figures were
measured directly and the volume expansivities
involve the assumptiona enumerated.

Despite the wide vartety of leathers tested, it is
seen that the expansivities are very similar and
show much less variation than is exhibited by re-
sults of most phygical testa of leather. In view of
this agreement and the fact that variation of den-
ity with tannage is most probably a second order
affect, the axpansivity of B403(107%*C is ascribed
to leather in gencral. It must be remembered,
however, that this expansivity applies only to
leather in water, rs evideree has heen obtained
that a smaller expansiviiy resultz if nonpolar lig-
uids are used o confine the leather. '

The snalyses show u wide range of hide sub-
gtance content that necessitates the assumpfion
that the collagen itself is the aubslance reponsible
for almost the entire expansion and that saltz or
tanning materials present contribute little to the
expansivity., Simce the expansivity is of the mag-
nitnde of that of a liquid, and the other materials
present are, in the free astate, solida, this might be
expected.

The volume expansivity obtained from thesc
measurements is not in agreement with 2 value
for the linear expansivity reported by Mitton [2],
who found a coeflicient of linear expansion of
22> 10°%*. This valua, which was obtained
from measurements on . dry fibera at elevated
temperatures, iz of a different order of magnitude
than the wvalues for cuhical expansion and is
typical of & solid.  Aside frora possible differences
due to temperature and environment, the disagree-
ment between the two values is to be expected on
the basis of the present concept of the structure

of collagen [3].

1 Figures 1t brackets Iddloats the Uimsture Deferdaces ob the +od of
this paper
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Collsgen js anisotropic and probably consists of
layors of peptide chains oriented parallel to the
fiber axis, The layers of chains are assumed to
be held together by salt-bonds and hydrogen-
bonds. In the direction of the fiber axis it is to
be expected that the strong covalent chemical
bonds will produce & structure resembling that of
8 solid and cause s low expansivity. At right
angles to the fiber axiz the wesker, less well-
defined honds are expected to Field & higher ex-
pansivity. Since the volume expansivity repre-
sents the sum of the expanesivities along the thres
mutually perpendicular axes, the volumae expan-
sivity of collagen will therefore be typical of
liguids, the contribution of the expansivity along
the peptide chain being of a lesser order of magni-
tude.

2. EfHtect of Trapped Bir

It haa been suggested that reproducibility would
be almost impossible bacause of uncertainties re-
garding removal of air from the interstices in the
leather. The following caleulation shows that
the effect of trapped air on these measurements is
not sipnificant.

The maximum weight of leather veed in any
messurement was 35 g and may be considerad to
occupy 35 ml {density=1}, Assuming the max-
imum percentage of voids found by Kanagy and
Wallace [1] to be present, 1. e., 60 percent, the
void spacae is 21 ml. JIn the avacuation prepars-
tory to best, & mmeximum pressure of 30 mm of
mercury was used, of whick, at 26 C, 24 mm is
water vapor and 6 mm s Air presure.  Assuming
that half the void space is filled by displacement,
10 ml of air will be trapped at 8 mm air pressure.
When stmoapheric pressure is restored, this air
will be compressed to 0.08 ml by relatively air-
free waier in which it may (and does) dissolve
readily. If no solution takes place, this trapped
air will underpo an expansion of less than 0.02 ml
during & messurement in which the temperature
is raised from 25° to 77° €. Since most measura-
ments involve volume increments of 0.4 ml the
air would introduce an error of less than £ percent
in the final volume.

During preparation of dilatometers for test, it
was obaerved that it was not necessary to remove
the last traces of visibly trapped air, since small
hubkles dissclved readily in the relatively air-free
water and did not veform at the highest tempora-
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tures attained. The trapped sir in the capillary
system of the leather will also dissolve, and the
resulting error from trapped air is probahly
pegligible.

3. Expansicn Curve and Transition

A serien of typical expangion ¢urves i= shown in

figure 2. .
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Fioure 2. Fepeasion curves for leather,

0, Aluin; ®, rionlum-vegeiable; X, vegetable-chrame; O, chrome; Q.
almn-vegetatie; i, vegatable; (b, chrome-vegetable.

In this fipure the percentage increase in volume is
plotted against the temperature.

Tha initial portion of each curve is linear and
was used for ealculation of the coefhcients. It
will be noted that all the initial Lpear portions are
parallel, save that of the chrome-vegetable leather.
Along this porticn of the curve, equilibrium was
established rapidly, i. e, in 3 hes. At an elevated
temperature, depending on the tannage, & slow
process set in that resulted in the excessive expan-
gione sean in thres eurves. The totzl voluma of
leather &nd fluid in the dilatometer increased,
whereas tha apparent Jimensions of the lesther
diminished. This discontinuity is identifiad with
the shrinkage temperature, but the changes
actually involve an expansion of the real volume
of the leather. Although it i6 not certain that
measurements in this region abtained equilibriom,
because of the slowmeaa of the process involved, it
i3 most probable that thers is & progressive in-
creaze in volume, as shown by the figure, i. e., the
axpznsion is not & change of state that oceurs at a
definite temperature, but iz tather an analopous
change that takes place over an interval of tom-
peraturea and may bhe comsidered to be & rale

process,
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“The extent of the expansion at this transition has
heen evaluated roughly and is of the order of 1
percent. ‘That the traneition is not n simple fusion
is shown by the observation that messurements
conductad for long periods of time after transition
occurred resulted in almest complete solution of
the leather in the form of gelatine. One measure-
ment on alum-vegetable tanned leather showed
that two transitions were posaible, one probahly
corregponding to traneition of the central band of
alum-tanned material and the other corresponding
to the transition of the two external vegetable
retanned strips. All samples tested showed this
incresnse in volume on teansition, with theexception
of thoee for which the transition temperature was
too high to be attained.

The ineresse in volume securring in tha transi-
tion process contradicts earlier predictions by
Salcedo snd Highberger [4], and by Wilson and
Porth [5] that contraction should cccur during
ghrinkrge. The mdication that transition is &
Process Occurring over a temperature interval is at
variance with & statement by Wohlisch 6] to the
effect that shrinkage takes place above a sharply
defined temperature.

Messurements of the shrinkage temperatures of
some samples were made in accordance with the
method described in Federal Specificaion for
Leather and Leather Products KE-I~311, dated
March 28, 1945. These messurementzs made
on alum, slum-vegetable, and vegetable-tanned
leathars gave shrinkape temperatures of 739, 83°,
and 68° O, respectively, wheress the tramsition
tamperetures noted on the curve as the departure
from linearity are 35°, 48°, and 60° C, respectively.
This aleo indicates that the shrinkage temperature
is & function of environment and may vary by asz
mueh a8 38° C, a8 in the alum-tenned leather.

The linearity of the graphical representation of
the results j= an argpument against the formation of
various bydrated lenthers. Since ihere are no
breaks it the lines, except Jor the transition process,
if there iz a hydrate present, it is stable over the
tem perature range of 25° to 75°C.

4. Reversibility of Expansion

In figure 3 are shown typical expansion curves in
which measurements were made to determine the
reversibility of the processes involved in the ex-
pansjon,
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These measurements were made by increasing
the temperature in 2 deg to 3 deg O steps unti! the
liquid level approached the top of the capillary
and then reversing the process and decreasing the
temperature stepwise, After this one reveraal,
the temperaiure was again raised to the previous
maximum, the volume was noted, the capillaries
were drained, and the procedure was repeated at
higher temperatures. Within the experimental
error, tho same volume was obtained at the maxi-
mum temperatnre before and after reversal. As
ghown by the figure, the linear portion of the curve
ia almost completely reversible. There is some
indication from these and ether messuretnents to
be reported on the rate of shrinkage, that this
reversibility i3 not complete even al moderate
temperatures, but the divergence is very small.
In this portion of the curve it appears, therefore,
thot the final volume i5 noi influonced signifi-
cantly by the times required for equilibrium to be
satablishad.

After passing through the transition, however,
the process is not reversible, the contraction curve
being displaced from the expansion curve by the
increment in volume of the transition. This be-
havior was verified in every transition observed
and represents definite evidence of the irreversi-
bility of the transition process and further evidence
that this ia not a fusion unless the crystallization
procesa be sssumed to be extremely slow. It is
véry probable that a teansition and & reaction
with water take place and that even though the
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reaction may be reversible, the formation of cross
linkages is not because of deformation.

5, Rate of Transition

The measurements made on tendon collagen
ghown in firure 3 afforded a measurement of the
rate of shrinkage. As shown in the figure, the
temperatura was raised to 41° C and then reduced
to 28 O, Tt was not considered wise to exceed
417 C before reversing the process because of the
possibility of transition. After the investigation
of the reversal, the next higher temperature
reached was 43° C, and after 2.5 hr at this tem-
peraturs transition set in, and the rate of the
procesa was measured. A graphical representa-
tion of the results is shown in figure 4, in which
the logarithin of the volume change iz plotted
against the time.

This sample was esgentially at equilibrivm at
43°  when the transition ensued, and the increase
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in volume iz measured from this peendo-sguilib-
rium value. It is noted that a straight line
results, indicating a first-order reaction. Devia-
tion from the line iz to be expected after long
intervals, sihce water iz probably used up in the
transition, and only a limited amount of water is
available in the dilatometar. .

A caleulation of the veiocity constant has not
heer mada, since the variation of the constant
with tetnipersture may not be sscertained readily
in thizs apparatus. Likewise ihe original and
final volumes are not known, inssmuch #s this
transition produced an inerease in volume suffici-
ently lerge to excesd the capacity of the eapillary
aod render further messurementa impossible,
Forthet measurements are in progress on the rate
of the transition and the temperature dependence
of the velocity conataat.

The author expresses his appreciation to John
Mandel for the statistical analyses of the experi-
mental data,
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